Novel therapies have turned to delivering compounds to the brain using nasal sprays, bypassing the blood brain barrier, and enriching treatment options for brain aging and/or Alzheimer's disease. We conducted a series of in vivo experiments to test the impact of intranasal Apidra, a zinc-free insulin formulation, on the brain of young and aged F344 rats. Both single acute and repeated daily doses were compared to test the hypothesis that insulin could improve memory recall in aged memory-deficient animals. We quantified insulin signaling in different brain regions and at different times following delivery. We measured cerebral blood flow (CBF) using MRI and also characterized several brain metabolite levels using MR spectroscopy. We show that neither acute nor chronic Apidra improved memory or recall in young or aged animals. Within 2 hours of a single dose, increased insulin signaling was seen in ventral areas of the aged brains only. Although chronic Apidra was able to offset reduced CBF with aging, it also caused significant reductions in markers of neuronal integrity. Our data suggest that this zinc-free insulin formulation may actually hasten cognitive decline with age when used chronically.
Cognitive decline in elderly people whether resulting from medication use or pre-existing pathological conditions like stress, inflammation, or brain injury is clearly an important feature of aging that carries a large socioeconomic burden. Estimated prevalence for mild cognitive decline is near 20% for individuals older than 70 years (1, 2) , and recent evidence suggests that this may be partially mediated by the presence of diabetes at earlier times (3, 4) . Several therapies have been suggested and implemented to address symptoms of memory loss with aging and mostly include life style changes associated with increasing exercise, managing cardiovascular risk factors, and improving diet (5) (6) (7) . To date, however, no effective pharmacological treatment is available, which is particularly bothersome given the expansion of the aging population, its relationship to Alzheimer's disease (AD), and the tripling in the incidence of dementia predicted by 2050 (8) .
It has been shown recently that in young adults, intranasal (IN) delivery of insulin can improve declarative and spatial memory recall (9) (10) (11) (12) . Similarly, in patients with mild cognitive impairment in the early stages of AD, several clinical studies have noted improvement in word recall, as well as in delayed memory and cognitive abilities (11, (13) (14) (15) . In these studies, improved recall was seen following a single insulin dose (14, 15) , as well as in response to four repeated daily doses for 8 weeks (9, 10) or for 21 days, or two repeated daily doses for 4 months (13) . Further, these clinical studies typically conducted cognitive tests as early as 15-60 minutes, and in some cases as late as 12 hours after the last IN insulin dose. Importantly, almost all prior clinical trials (with the exception of a single dose pilot trial (16) and the ongoing Study of Nasal Insulin to Fight Forgetfulness-SNIFF trial) have used a non zinc-containing formulation for the placebo/control group whereas the insulin formulations used for IN delivery contained zinc. Also, mostly short or intermediate-acting insulin formulations have been used in the past. However, a recent study using long-lasting insulin (Levemir) reported on enhanced visuospatial working memory in mild cognitive impairment and AD patients carrying the APOE epsilon 4 (17) . Overall, these studies strongly suggest that even with such diversity in experimental designs, the vast majority of clinical reports shows improved memory in response to IN insulin.
However, the mechanisms underlying these results in humans have not been clearly defined, and only a few reports have measured the impact of IN insulin on cognitive function in animal models (18) (19) (20) (21) . Understanding the mechanism of action, the duration of action, and the cellular targets of IN insulin in animal models is potentially a critical issue as chronic activation of the receptor in the brain could lead to receptor downregulation/desensitization. Indeed, animal studies using intracerebroventricular (ICV) insulin delivery have shown both beneficial and detrimental effects of insulin depending on whether insulin exposure is acute or prolonged (22) (23) (24) and whether younger or older animals are used (24) . Further, AD mice treated once with IN insulin 24 hours prior to training on the T-maze task show improved learning as well as retention 7 days later (20) . Administration of a single dose, however, 7 days prior to training did not improve performance. In the same study, a single dose of IN insulin administered 5 minutes but not 24 hours after training was able to ameliorate retention when tested 7 days later. These results indicate insulin needs to be present during task acquisition and may also participate in strengthening integration or storage during task consolidation. What is less clear, still, is the mechanism of action for IN insulin once it reaches the brain, the duration of the signal, or whether neuronal, glial, or vascular elements respond to that signal.
Given the pressing need to understand the actions of IN insulin on memory or recall function, a series of experiments were initiated to characterize the potential impact of IN zinc-free insulin (insulin glulisine-Apidra) on reversing cognitive decline with age in F344 rats. Based on prior work from our group providing evidence that IN insulin could improve recall without altering learning (21), we tested whether we could reproduce the beneficial impact of repeated insulin application with a single application of Apidra on the day of recall. We used similar techniques, doses, and time of application, as well as similar animals and behavioral outcomes as in our recently published study (21) to measure the actions of Apidra in the brain. Outcome measures include Morris water maze (MWM) learning and 24-hour recall, molecular biology (Western pAkt/Akt signaling), and MRI to measure blood flow as well as to quantify selected brain metabolites with magnetic resonance spectroscopy (MRS).
Methods
All animal experiments were conducted in compliance with the ARRIVE (Animal Research: Reporting in Vivo Experiments) guidelines. The work was performed according to the Revised Guide for the Care and Use of Laboratory Animals (U.S. government) and strictly adhered to our institutional licensing committee for the care and use of animals (Institutional Animal Care and Use Committee-IACUC 000959M2003). Animals were housed in pairs and tail marked for identification. All F344 rats (males) were obtained from the National Institute on Aging colony (Charles River Laboratories) and were barrier raised under specific pathogen-free conditions. All animals were maintained on a 12 hours ON, 12 hours OFF light schedule and were fed the Teklad global 18% protein rodent diet ad libitum (2018; Harlan Laboratories, Madison, WI).
Intranasal Delivery
We used the same methods as previously published (21) to deliver insulin. Because one group of animals only received a single dose of insulin (acute), while all other animals received multiple doses, the study was conducted with experimenters knowing the group allocation during the experiment and during the analysis phase. Briefly, the animals were transiently held supine in a DecapiCone (Braintree Scientific, Braintree, MA) while two 5 µL doses (1 minute apart) of either sterile saline or short-acting Apidra were delivered to the right naris using a P10 Eppendorf pipetter. The Apidra dose (0.0715 IU/ 10 µL) was chosen to approximate levels used in numerous clinical trials (equivalent to 10 IU/day) and because this dose was shown recently to improve memory recall in aged F344 rats using the same application protocol and duration (21) . Apidra (insulin glulisine) was made fresh weekly and diluted from a U-100 vial (SanofiAventis, Bridgewater, NJ) using a sterile saline solution. Insulin or saline treatment was initiated 4 days prior to the initiation of training (cue day) and was delivered on average, 2 hours before testing on the MWM. For the acute phase of the study, all animals received one daily saline dose for 8 days, with MWM training (cue day) starting on Day 5. On Day 9 (the memory recall day), animals received either Apidra or saline. For the chronic phase, animals received either daily Apidra or saline for 9 days.
Blood Glucose Levels
To test whether Apidra might cross the brain-to-blood barrier and lower peripheral blood sugar levels, we measured blood glucose (FreeStyle Lite glucometer; Abbott Laboratories, Abbott Park, IL) from dorsal tail veins in three aged animals exposed to IN insulin (0.0715 IU/ 10 µL). Measures were taken prior and 60 as well as 90 minutes after IN delivery.
Spatial Behavior
Young (3 months old) and aged (21 months old) male F344 rats were used for all experiments. Behavior was conducted on 60 animals (n = 10 per group). The groups included young chronic saline, young chronic insulin, young acute insulin, aged chronic saline, aged chronic insulin, and aged acute insulin. Four animals in the aged chronic insulin group were removed from the analysis based on poor performance. One animal was in poor physical health (weak and thin) even prior to the initiation of IN insulin delivery, and the other three displayed typical signs of thigmotactic behavior keeping close to the wall of the pool on almost all trials. It is not clear whether this heightened state of anxiety was related to the insulin delivery. Overall, behavioral data are presented on 56 animals.
Water temperature in the MWM was maintained between 25 °C and 26 °C and was made opaque with black tempura paint to hide a submerged escape platform placed approximately 1.5 cm below the surface of the water. The pool is 190 cm and the escape platform is 15 cm in diameter. Animals were allowed 60 seconds to find the platform, after which they were guided to it. Each animal stayed on the platform for 30 seconds before returning to a heated holding chamber for about 2 minutes. On the first day of training (visual cue day), a white cup hanging above the partially submerged platform helped orient the animals for three consecutive 60-second trials (data are not reported on cue day). Following cue day, animals were subjected to three trials per day (semi-random drop location for each trial) for 3 days. Twenty-four hours after the last training day, a probe trial was initiated with the platform removed (60 seconds of max swim time). Swim speed was derived from the distance travelled over time on the last trial of the third training day and on the first trial of the cue day. No difference in swim speed was seen across aging or treatment in this cohort of animals (data not shown). On all cue and training days, the intertrial interval was approximately 150 seconds. We present data on path length measures and on the numbers of platform crossings on the 24-hour memory recall day (probe). A Videomex-V acquisition and analysis software (version 4.64, Columbus Instruments, Columbus, OH) was used to track and measure animal location.
Western Blotting
Twenty-four animals (n = 12 young [3-4 months old] and 12 aged [21-24 months of age]) were used for Western blot analyses of acute IN Apidra effects in eight brain regions. Those different brain regions were separated into left and right olfactory bulbs and as well as three dorsal (rostral, medial, and caudal) and three ventral areas (rostral, medial, and caudal; see Figure 2 ). Brains were cut in ice-cold lowcalcium artificial cerebrospinal fluid of the following composition (in mM): 128 NaCl, 1.25 KH 2 PO 4 , 10 Glucose, 26 NaHCO 3 , 3 KCl, 0.1 CaCl 2 , 2 MgCl 2 ; and regions were placed on ice in cold tubes filled with cold homogenization buffer supplemented with a protease and phosphatase inhibitor cocktail (sucrose base, Triton X buffer with sodium dodecyl sulfate). Homogenization was accomplished within 1 hour of collection (Geno/Grinder 2010, SPEX SamplePrep, Metuchen, NJ).
We determined the levels of phosphorylated Akt (Ser473) and total Akt (pan) using primary antibodies (4051 and 4685, respectively) and secondary antibodies (7076 and 7074, respectively) from Cell Signaling Technologies (Danvers, MA). All antibodies were used at 1:1,000 except for the anti-rabbit secondary antibody to pan Akt, which was used at 1:25,000. The ratio of these two proteins represents activation of the insulin signaling cascade with greater numbers indicating elevated signal transduction though the canonical pathway. The pAkt/Akt ratios were derived from tissues harvested at 30, 60, and 120 minutes following IN delivery of either 0.075 IU/10 µL Apidra (n = 3 rats/age/time point/condition) or saline (n = 3 young and 3 aged, with one animal for each time point). For all gel quantification, signals were normalized to the saline condition obtained from the same brain region in IN saline age-matched animals. The G:BOX-XT4 and Genesys software (Syngene, Frederick, MD) were used for image acquisition. Band quantification used the area-under-the-curve method (Image J version 1.47u; NIH).
MRI/MRS Brain Scans
Twenty animals chosen randomly from the acute Apidra and the chronic saline arms of the study (5 young saline, 5 aged saline, 5 young insulin, and 5 aged insulin) were used for MRI measures following a single dose of either saline or insulin approximately 20 days after the last exposure to insulin or saline. Ten animals randomly chosen from the chronic Apidra arm of the study (5 young and 5 aged) were used for MRI measures following approximately 3-4 weeks of continued daily dosing (total of 16-20 Apidra doses). To keep in time with the results of the behavioral analysis, animals were scanned on average 2 hours after IN saline or insulin delivery.
MRI experiments were performed on a 7T Clinscan MR scanner (Siemens, Germany) at the Magnetic Resonance Imaging & Spectroscopy Center of the University of Kentucky. Rats were It is important to note that in the learning phase of the task, the saline groups show similar patterns as the acute insulin groups given that those animals were only exposed to insulin once, approximately 2 hours prior to the probe trial (eg, Day 4). Although all young animals learned to find the platform across days of training (two-way analysis of variance [ANOVA]; p < .0001), as a group, aged animals did not (two-way ANOVA; p = .34). This was due mostly to the poor performance seen on Day 3 in the aged animals treated chronically with anesthetized with 4.0% isoflurane for induction and then maintained in a 1%-2.5% isoflurane and air mixture using a nose cone. Heart rate (90-110 bpm), respiration rate (50-80 breaths/min), and rectal temperature (36 ± 1 °C) were continuously monitored. A water bath with circulating water at 50-55 °C was placed outside the room and used to maintain body temperature.
Cerebral blood flow (CBF) was measured using a pseudocontinuous arterial spin labeling technique. Paired images were acquired with field of view (FOV) = 40 × 30 mm 2 , matrix = 128 × 128, slice thickness = 1 mm, slice = 4, 120 measurements, labeling duration = 2,100 ms, repetition time (TR) = 4,000 ms, and echo time (TE) = 20 ms. Quantitative CBF (mL/g/min) was computed employing codes written in Matlab (Natick, MA). A total of 30 animals were scanned, however, in three aged animals (two saline and one acute Apidra), image resolution was compromised and the CBF variable was not included in the analysis. As such, CBF data are reported on 3-5 animals per group.
Following CBF measurements, we acquired proton ( 1 H) MR spectra (MRS) to determine brain metabolite levels. In vivo 1 H-MRS were obtained using a point-resolved spectroscopy sequence. Water-suppressed spectra were acquired with following parameters: TR = 1,500 ms, TE = 135 ms, spectral width = 60 Hz and average = 400. A voxel of interest of 18.2 mm 3 (2.0 × 7.0 × 1.3 mm) covered bilateral hippocampus. An acquisition of nonwater suppressed spectrum with 10 averages was followed (the rest of the parameters were kept the same). Both with-and without-water suppression spectra were then processed using LCModel to determine the concentrations of the metabolites. LCModel uses a linear combination of model spectra of metabolite solutions in vitro to analyze the major resonances of in vivo spectra (25) . MRS data are reported on 30 animals, with n = 5 per group. The protocol, including MRI and MRS, took just less than 60 minutes for each rat.
Statistics
Statistical analyses tested for significance (p < .05) on main factors and interactions using two-way analysis of variances and repeated measures analysis of variances. Bonferroni or Tukey's tests were used for post hoc comparisons. All tests were conducted using StatView statistical package (version 5, Cary, NC) or GraphPad Prism V5 (San Diego, CA).
Results

Acute IN Apidra Does Not Lower Systemic Blood Glucose Levels
As previously shown (21), IN insulin does not lower serum glucose levels, indicating very little insulin, if any, travelled in the brain-toblood direction. The technique rapidly increases levels of insulin and other substances via a perivascular pathway from the nasal epithelium to the brain (26, 27) . To test whether insulin glulisine could lower peripheral blood glucose levels, three non-fasted aged F344 rats were given 0.075 IU Apidra in two 5 µL IN doses 1 minute apart as described in the methods section. Blood glucose levels measured before and 60 or 90 minutes after IN delivery did not decrease over time indicating IN Apidra does not lower systemic glucose (preinsulin levels = 55.7 ± 10.5; post insulin 60 minutes = 58.6 ± 10.9 in mg/dL; post insulin 90 minutes = 65.0 ± 15.0; p > .05).
Neither Acute Nor Chronic IN Apidra Improves Learning or Memory on the Spatial MWM In this series of experiments, we tested whether a single or several repeated daily doses of IN insulin could ameliorate 24-hour recall on the MWM task in aged F344 rats. As shown in Figure 1 , neither a single nor repeated Apidra dose improved learning or memory of the platform location. Based on path length measures, young animals learned the task across days of training ( Figure 1A ; F(2,54) = 32.3; p < .0001), however as a group, aged animals did not ( Figure 1B ; F(2,46) = 1.1; p = .34). This was mostly mediated by the poor performance of chronically treated animals compared with saline or acutely treated animals on the third day of training (p < .001). Further, upon testing for recall of platform location 24 hours following the last training day, aged animals continued to perform poorly, showing shorter path lengths in the goal quadrant during the initial 30 seconds of the probe trial ( Figure 1C ; F(1,50) = 30.8; p < .0001) and significant reductions in the number of platform location crossings in that period ( Figure 1D ; F(1,50) = 15.4; p < .0003). Thus, neither single dose nor repeated doses of IN Apidra could improve memory recall, and more importantly, chronic insulin appeared to have a negative impact on learning in aged animals. For these experiments, insulin was always delivered approximately 2 hours prior to testing on the MWM. This is a surprising result given our prior work showing that repeated daily doses of either Humalog or Levemir, a short and a long-acting insulin formulation (respectively), improved recall on the MWM task (21) . Based on this new result and the lack of a peripheral glucose effect, we sought to test whether IN Apidra could increase insulin signaling in the brain of young and aged F344 rats.
Acute IN Apidra Increases Insulin Signaling Across Different Brain Regions in Aged Animals
To test whether Apidra could penetrate the brain and alter insulin signaling, we completed a series of experiments in young and aged rats quantifying the canonical insulin signaling pathway using phospho Akt (pAkt) and total Akt immunoblotting in eight different brain areas (Figure 2) . The pAkt/Akt ratios were derived from tissues harvested 30, 60, and 120 minutes following IN delivery of either 0.075 IU/10 µL Apidra or saline (n = 24 rats). For each blot, the pAkt/Akt ratio derived from animals treated with insulin was normalized to the ratio obtained in the same brain area but in animals treated with saline. The group data at the 2-hour time point show that aged animals responded to Apidra with greater increases in signaling when compared with young animals (F(1,32) = 5.9; p < .05; Figure 2C ). No significant differences were noted between age groups at the 30-and the 60-minute time points (data not shown). Whereas no change in insulin signaling was detected in the dorsal regions of the brain irrespective of age or treatment ( Figure 2D ), greater insulin signaling was seen in the ventral regions of the brain (F(1,12) = 6.0; p < .05; Figure 2E ). 
Chronic IN Apidra Increases CBF and Alters Metabolism
With evidence of Apidra permeation and increased signaling centered around a 2-hour window following IN delivery, we tested whether Apidra could alter CBF and/or cellular metabolism using MRI and MRS, respectively. Experiments were conducted to test the impact of Apidra following a single dose (acute) or following 16-20 repeated doses (chronic). In this cohort of animals, an age-dependent trend for reduced CBF (F(1,21) = 3.6; p = .07) was noted and was significantly reversed by chronic IN Apidra animals (F(2,21) = 6.6; p < .006; Figure 3B ).
As previously reported (28), proton MR spectroscopy analyses of hippocampal regions revealed a significant main effect of age with reductions in N-acetylaspartate (NAA, a marker of neuronal viability signals (F(1,24) = 10.5; p < .005; Figure 4B ). Post hoc analysis reveals that chronic IN Apidra severely intensified this signal decline in aged animals only (p < .01; Figure 4B ). No main effect of age or IN insulin was found on measures of the astrocyte reactivity marker myo-Inositol (mI; Figure 4C ), however, the ratio of NAA and mI, thought to gauge the extent of neurodegeneration in numerous disease states (28) , was found to be significantly changed. Two-way analysis of variance results indicate the presence of a significant interaction term (F(2,24) = 7.5; p < .005; Figure 4D ) whereby chronic IN insulin significantly reduced this ratio in aged animals only (p < .05). Of note, in both young and aged animals chronically treated with IN Apidra, a trend for reduced lipid peak signals at 1.3 ppm (lip13) was found (F(2,24) = 2.9; p = .07; Figure 4E ). Increases in this particular metabolite have been associated with lipid storage disorders and increases in demyelination as well as in glioblastomas and tumor metastasis (29) .
Discussion
In this study, we investigated whether IN Apidra could alleviate aspects of memory decline seen in aged animals. Here we provide evidence that chronic IN Apidra reduced learning and memory in aged animals. Our test of whether IN insulin could increase insulin signaling in the brain of young and aged animals showed increases in the pAkt/Akt ratio approximately 2 hours following delivery. This signaling was particularly more pronounced in the aged animals and to a greater extent, in the ventral regions of the brain. Finally, using MRS techniques, we were able to identify potential mechanisms by which chronic IN insulin was able to reduce learning in aged animals. Those included a large decrease in NAA signal and a trend for a decrease in mI, markers of neuronal integrity and glial overactivation (inflammation), respectively.
Why Study Apidra?
We chose to study zinc-free insulin (Apidra) because zinc is an important component of most insulin formulations, and almost all prior clinical IN studies have used zinc-containing insulin. In our prior work using IN insulin delivery, we showed that zinc-containing Levemir or Humalog could improve memory recall in two different cohorts of aged animals (21) . In that same study, we also showed that both zinc and Apidra could reduce the Ca 2+ -dependent afterhyperpolarization (AHP) in young and aged hippocampal neurons, highlighting a potential mechanism for insulin's effects on memory. Still, because zinc is a key nutrient and an integral part of glutamate neurotransmission in the brain (30) (31) (32) , and because of prior reports that zinc use may be associated with nasal endothelium toxicity (33,34), we sought to test whether a zinc-free insulin formulation could enhance memory in aged animals.
Surprisingly, we show here that although a single IN presentation of Apidra was able to increase insulin signaling (Figure 2) , neither the acute nor the chronic delivery of Apidra was able to improve memory recall in aged animals ( Figure 1) . Importantly, chronic delivery of Apidra reduced performance on Day 3 of training unmasking a potentially negative consequence of insulin on the learning process. A recent report in mild-to-moderate ApoE4 carrier subjects shows that acute single-dose IN Apidra failed to ameliorate cognition (16) . This may reflect a cohort-specific effect however, as neither insulin formulations used appears to have increased performance over placebo in the SNIFF trial. Our results show that in an animal model of aging, use of IN Apidra does not seem able to combat cognitive decline in brain aging.
Based on prior work showing that Apidra has slightly faster pharmacokinetics than regular human insulin (reviewed in 35) but similar affinity for the insulin receptor (36,37), we used the same dose of insulin (0.0715 IU/ 10 µL) as used in our prior study (21) and assumed equal uptake and distribution of the zinc-free peptide. Although the pAkt/Akt data presented here support entry of insulin into the brain, at 2 hours post-dose, signaling was found to be limited to the ventral areas of the brain which may have reduced the impact of insulin. Indeed, the entire hippocampus and several adjacent brain areas are critical for spatial mapping of the escape platform during acquisition and memory retrieval (38, 39) . Thus, perhaps a longer period between delivery and testing is necessary when working with zinc-free insulin formulations. Further signaling experiments using IN Humalog or Apidra should help to clarify whether distribution changes with time following delivery. Finally, it is possible that the cognitive demands imposed on this cohort of aged animals may have required increased doses of insulin. It should be noted, however, that larger doses of insulin did not improve recall behavior when compared with lower doses in aged F344 rats (21) and younger Sprague-Dawley rats (40) .
Is the Aged Brain Less or More Sensitive to Insulin?
In the brain, insulin receptors, message, and function have been shown to decline with age (41) (42) (43) , but see (44) . As individuals age, the effects of diabetes and peripheral insulin resistance appear to have a greater impact on cognitive function. However, given that learning induces increases in insulin receptor signaling in the brain (45) , the reduction in insulin signaling seen in aging could well reflect poor learning in aged animals. Alternatively, this may also reflect signaling saturation and transport/receptor downregulation due to chronic elevations in peripheral insulin, at least during long prediabetic phases. Indeed, recent evidence from clinical cerebrospinal fluid samples and aged animals reveals that reduction in insulin transport is likely mediating the insulin signaling reduction with aging in the presence of peripheral insulin resistance (46, 47) . Importantly, this work shows that if insulin can be delivered to the brain (eg, ICV), insulin signaling appears enhanced in aged compared with young animals (46) . These results are in line with the evidence presented here suggesting that compared with young animals, insulin sensitivity (eg, pAkt/Akt) appears increased in the aged brain.
These results are also supported by prior work showing that the Ca 2+ -dependent AHP, a robust electrophysiological marker of brain aging, appears more sensitive to insulin in aged compared with young animals (48) . In this and other (49) ex vivo experiments, insulin was added directly to hippocampal brain slices and was shown to acutely reduce the AHP. These results, however, are in stark contrast to a recently published article using ICV chronic delivery of zinc-containing insulin (24) . In this study, young but not aged animals responded to insulin with improved learning, and no improvement in memory recall (ie, probe) was noted in either young or aged animals. We believe that this result is different from our results because of the use of a chronic delivery approach (24 hours per day for 4 weeks). Indeed, Kamal and colleagues recently reported that sustained chronic ICV insulin (23) , as well as chronic peripheral hyperinsulinemia (50) , can weaken synaptic plasticity mechanisms, increase the AHP and therefore, reduce learning. However, all prior clinical trials have used acute, repeated daily doses of IN insulin with success (11, 51) , and a single dose of ICV insulin was also shown to enhance memory recall (22) . To further support this notion, prior work from our lab shows that short-term peripheral hyperinsulinemia has no impact on electrophysiological Ca 2+ -related markers of brain aging in young animals (49). Thus, it is possible that chronic delivery of insulin may hasten cognitive decline in aged animals by helping to develop insulin resistance (24) .
Alternatively, it is possible that a mechanism similar to receptor downregulation is at play in young animals where a sustained level of signaling is present and interferes with further increases in signaling during exogenous applications of insulin. In contrast, with aging, insulin brain signaling has been reported to be significantly lower, which may allow for increases in signaling in response to exogenously applied insulin. This could reconcile the evidence of reduced insulin signaling with aging together with maintained sensitivity to insulin. As such, the greatest hurdle limiting insulin signaling with aging may well only be the ability of insulin to enter the brain as recently suggested (46, 47) .
What is the Mechanism of IN Apidra?
Potential mechanisms of insulin actions in the brain include metabolic, ionic (eg, gamma-aminobutyric acid [GABA] , N-methyl-D-aspartatic acid [NMDA], alpha-amino-3-hydroxy-5-methylisoxazole-4-propionic acid [AMPA], AHP), and genomic processes that individually or together are able to increase performance on memory tasks (11, 52) , and it is becoming very clear that insulin plays a central role in memory processing and recall both in humans and in animal models. In particular, effects of insulin on vascular function (ie, vasoreactivity) and CBF have been reported in several clinical studies. These have noted increases in CBF in response to IN insulin in both healthy volunteers and in type 2 diabetes patients ((53,54), reviewed in 55). Compared with the results seen in type 2 diabetes patients however, in control/lean individuals (53, 56) and young adults (57), IN insulin did not significantly alter CBF. Here we show that chronic repeated daily doses but not single-dose Apidra increase CBF in aged animals. Enhanced CBF has shown to be associated with improved cognition (58, 59) . Interestingly, we found that poor memory performance in the aged chronically treated animals correlates with dramatically elevated CBF. In contrast, our behavioral data were in good agreement with the metabolic profile. Of interest here, we report on a large and significant reduction in the NAA signal and the NAA/mI ratio measured in aged animals treated chronically with Apidra. The NAA and mI signatures are attributed almost exclusively to neuronal and glial integrity, respectively (28, 60) . As a result, the shift in NAA/mI ratio indicates neuronal damage and neuroinflammation induced by glial overactivation (28) which may be driving forces, independently or interactively, for cognitive impairment. The abnormal increase in CBF in the aged rats treated chronically with IN glulisine might be another indicator of glial overactivation and neuroinflammation. Collectively, these physiological signal changes (CBF, NAA, and mI) may highlight a potential mechanism by which IN Apidra reduces learning and memory performance.
Our results also highlight a strong trend in reduction in Lip-13 a lipid biomarker in response to IN Apidra in both age groups. This may reflect the impact of IN insulin on increasing glucose uptake and oxidation, thereby reducing metabolic demands on lipid oxidation. Works from McNay and colleagues have provided evidence that acute hippocampal insulin delivery increases glucose metabolism in vivo (40, 61) , and insulin has also been shown to induce glucose transporters (GLUT 3 and 4) translocation in hippocampal neurons (62) and primary neurons in culture (63) . Further experiments are warranted to determine whether the reduction in Lip-13 metabolites indeed is dependent on a glucocentric shift in metabolism.
Conclusion
Some of the limitations associated with our study clearly reflect that the data are only suggestive and do not provide definitive preclinical information about the difference on the impact of zinc-containing and zinc-free insulin formulations. Although our prior published work using zinc-containing insulin formulations (21) was conducted with similar dosing protocols (eg, time of day, dose, delivery method) and using similar animals, we cannot directly compare these two studies and address whether Apidra has fundamentally different effects compared with Levemir or Humalog. Still, here we provide new evidence that not all insulin formulation have similar impact on learning and memory while increasing insulin signaling. Based on our prior work, we suggest that repeated once-daily exposures to IN insulin with Levemir or Humalog may be more effective than Apidra, however, direct side-by-side comparisons as those ongoing in the SNIFF trial are necessary to definitively establish this relationship in the clinic.
Eighteen years ago, although the idea was controversial, Wickelgren helped raise awareness about the role of insulin in (E) A robust trend for a drug effect was also noted on the lipid peak signal at 1.3 ppm (lip-13; two-way ANOVA; p = .07). Data represent mean ± SEM from 3-5 animals per group. normal brain function (64) , and although it is now very clear that insulin once delivered to the brain can improve memory recall in multiple settings and conditions, the specific mechanism(s) for this action or the importance of the pulsatile nature of the delivery still escape us. Clearly, insulin signaling plays a critical role in memory and recall as evidenced by reductions in memory performance and hippocampal plasticity when insulin signaling is reduced (40, 65, 66) . Here, we provide new MRS data that may explain why acute IN Apidra may not be conducive to improved learning. Although the results of our study do not support the hypothesis that zinc-free insulin can redress cognitive decline with aging, other formulations in animal models of aging and AD as well as in the clinic have provided strong evidence of success. Given the sustained growth in the aging population, implementing strategies that can maintain healthy cognitive function will tremendously benefit the aging population, and by extension, reduce the incidence of neurodegenerative diseases that share cellular mechanisms with brain aging (ie, AD).
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